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Edited by Hans EklundAbstract Here we report the ﬁrst crystal structure of a protein,
AmyA, a secretory a-amylase isolated from Halothermothrix
orenii, which is both halophilic and thermophilic. The crystal
structure was determined at 1.6 A˚ resolution. AmyA lacks the
conserved acidic surface, which is considered essential for protein
stability at high salinity. Sedimentation velocity and CD exper-
iments on AmyA reveal the formation of unique reversible poly-
dispersed oligomers that show unusually high thermal stability.
These studies provide valuable insight into the structural ele-
ments that contribute to the stability of AmyA at both physical
and chemical extremes and their functional implications.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Extremophiles use several cellular and structural adapta-
tions to be able to survive, actively grow and propagate in
extreme environments. It has been reported that macromole-
cules, especially proteins, from extremophiles and mesophiles,
have the same overall fold and molecular mechanism for their
function [1,2]. However, certain structural features make the
extremophilic proteins stable and optimally active under ex-
treme conditions.
Thermophilic proteins are the most widely studied extremo-
philic proteins and from these studies it appears that thermal
stability is not determined by any single factor but the combi-
nation of several factors, each with a relatively small eﬀect
[3,4]. Halophilic proteins have not been studied as extensively
as thermophilic proteins due to the diﬃculty in crystallizing
them at very high ionic strengths. However, structural insights
gathered from all known halophilic protein structures suggest
that an acidic surface and the associated negative electrostatic
surface potential provide one of the major stabilizing forces
and are a highly conserved feature [5,6]. Also in silico analyses
of the genome sequence of halophilic organisms suggest that
proteins from these organisms have unique amino acid compo-*Corresponding author. Fax: +65 6779 1117.
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doi:10.1016/j.febslet.2006.04.017sitions: they have at least twice the number of acidic residues
than basic residues [6–8].
A further interesting category involves proteins that are
optimally active at high temperatures and high salt concentra-
tions simultaneously. These organisms drastically diﬀer from
other extremophiles as they handle both physical and chemical
extremes at the same time. The study of the molecular adapta-
tion of proteins to more than one extreme, i.e., poly-extreme
condition is very important in the understanding of the biology
of these organisms.
Certain speciﬁc questions can be posed in this halo- and
thermophilic group of poly-extremophiles. Are the structural
adaptations the same as those found in halophilic and thermo-
philic organisms or have they evolved with a completely new
set of adaptations? What speciﬁc diﬀerences exist in the poly-
extreme adaptations and what is the impact of the structural
adaptations on the function and mechanism of the proteins?
To address these questions we have undertaken a structural
and biophysical study of AmyA, a secretory a-amylase [9]
from Halothermothrix orenii.
Halothermothrix orenii is a true halophilic and thermophilic
anaerobic bacterium that was isolated from the Tunisian salt
lake in the Sahara desert [10]. Growth under two such extremi-
ties is unique amongst cultured members of domain Bacteria.
16S rRNA sequence analysis indicated that the closest relatives
of H. orenii were members of the order Haloanaerobiales, phy-
lum Firmicutes [11] all of which are mesophiles and grow in sal-
ine to hypersaline environments. AmyA is active in a broader
salt concentration ranging between 0 and 5 M NaCl. However
it has optimal activity at 2 M NaCl concentration and
temperature above 65 C, similar to the optimal conditions for
H. orenii growth. The obligatory requirement of salt at molar
levels and temperature above 60 C for optimum activity makes
AmyA a true halo-thermophilic enzyme [9]. In this paper, we re-
port the structure and biophysical characterization of AmyA
and the analysis of AmyA structure reveal a novel surface
feature and its implications for stability under poly-extreme
condition.2. Materials and methods
2.1. X-ray crystallography
AmyA, dialyzed against Tris buﬀer [0.5 M NaCl in 50 mM Tris (pH
8.0)], was crystallized in a buﬀer containing 70 mM Na acetate (pH
4.6), 5.6% PEG4000 and 30% glycerol as described [12]. Foration of European Biochemical Societies.
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solutions containing increasing amounts of glycerol to a ﬁnal glycerol
concentration of 25%. X-ray diﬀraction data for AmyA crystals were
collected from ﬂash-cooled crystals using synchrotron radiation at
ALS, Berkeley. All diﬀraction data were collected at 173 C and
the diﬀraction images were processed with HKL2000.
The AmyA structure was solved by the molecular replacement pro-
gram MOLREP and using the TIM barrel domain of maltogenic amy-
lase as a search model [PDB code: 1SMA]. The initial model was
adjusted by using the program O [13] and reﬁned. Subsequently, the
ﬁnal model was built by using ARP/wARP [14]. All stages of crystal-
lographic reﬁnement made use of CNS. The calcium ions were identi-
ﬁed from the 2Fo  Fc and Fo  Fc SIGMAA weighted maps. The
crystallographic and reﬁnement statistics are given in Table 1. The
coordinates of AmyA have been deposited at the Protein Data Bank
(www.rcsb.org/pdb) with code 1WZA. Molecular ﬁgures were gener-
ated in PYMOL (http://pymol.org).
2.2. Circular dichroism measurements
Circular dichroism (CD) measurements were made with a Jasco J-
715 spectropolarimeter equipped with a Peltier cell holder and a
PTC-348WI temperature controller. A cuvette with 0.1 cm path length
was used throughout. A protein concentration of approximately
0.1 mg ml1 was used for wavelength scans. Wavelength scans were
made at a scan rate of 10 nm min1 and 3 scans of the same solution
were averaged. Data were collected at 65 C over a wavelength range
of 190–260 nm with a bandwidth of 1 nm. The solvent spectrum was
subtracted from the sample spectrum. The far UV CD spectra were
analyzed by the secondary structure analysis program CDNN, version
2.1 [15]. Thermal melting was carried out at a scan rate of 5 C per
minute at 222 nm using protein samples at diﬀerent salt concentrations
in 50 mM Tris (pH 8.0) and heated from 40 to 100 C.
2.3. Analytical ultracentrifugation
Sedimentation velocity experiments were performed with a Beckman
Optima XL-I at the Center for Analytical Ultracentrifugation of Mac-
romolecular Assemblies (CAUMA, University of Texas Health Science
Center, San Antonio, USA). All samples were analyzed in 50 mM TrisTable 1
Data collection and reﬁnement statistics of the AmyA
Data collection
Space group P212121
Unit cell dimensions (A˚) a = 55.1
b = 61.7
c = 147.6
Wavelength (A˚) 0.99
Resolution of data (A˚) 99–1.6 (1.65–1.6)
Completeness (%) 96 (87.8)
Mean I/r(I) 10.8 (5.2)
Rmerge
* 0.062 (0.179)
Reﬁnement
Resolution range (A˚) 10–1.6 (1.6–1.7)
r cutoﬀ 0
Protein atoms 4025
Water molecules 551
Calcium 2
R* work (%) 20.1(23.6)
R* free (%) 22.1(26.6)
Reﬂections (working/test) 56419/6331
RMS deviations from ideal stereochemistry
Bond lengths (A˚) 0.006
Bond angles () 1.27
B factors
Mean B factor (protein) (A˚2) 17.9
Mean B factor (water) (A˚2) 31.5
Mean B factor (ions) (A˚2) 13.7
Numbers in parentheses are for the outermost shell of data.
*Rmerge =
P
hkl
P
i|Ii(hk l)  ÆI(hk l)æ|/
P
hkl
P
iIi(hkl).buﬀer (pH 8.0) containing varying amounts of NaCl (0–4 M). Sedi-
mentation velocity experiments were performed at 20 C and speeds
ranging between 3000 and 50000 rpm. Absorbance samples were spun
in 2-channel epon/charcoal center-pieces in the AN-50-TI or AN-60-TI
rotor. Scans were collected at 280 nm and using interference optics in
the continuous mode with 0.003 cm step size setting and no averaging.
Loading concentrations ranging between 0.9 and 1.2 OD were mea-
sured at the given wavelength.
Data were analyzed with UltraScan, version 6.2 (http://www.ultra-
scan.uthscsa.edu). Hydrodynamic corrections for buﬀer conditions
were applied according to Laue et al. [16], and as implemented in
UltraScan. The partial speciﬁc volume of AmyA was estimated accord-
ing to the method by Cohn and Edsall and as implemented in Ultra-
Scan. Data were analyzed using the van Holde–Weischet method,
which reports sedimentation coeﬃcient distributions for the sample.
Sedimentation coeﬃcient distributions were transformed into molecu-
lar weight distributions by applying the Svedberg equation and assum-
ing a particle shape that corresponds to an expected frictional ratio, f/
f0.
2.4. Enzymatic assays
Amylase activity assays were performed by using the EnzCheck
Amylase Activity Assay kit (Molecular Probes). An a-amylase from
Bacillus sp. provided with the kit served as a control enzyme. One unit
is deﬁned as the amount of enzyme required to liberate 1 mg maltose
from starch in 3 min under assay conditions. The data presented are
averages of measurements from four independent experiments.3. Results
3.1. Overview of the AmyA structure
The overall fold of AmyA consists of three distinct domains,
A, B and C (Fig. 1A). The central A domain forms a (b/a)8
TIM barrel structure. The overall fold and the general domain
structure of AmyA are similar to those of the members of fam-
ily 13 glycoside hydrolases. Sequence alignment with various
a-amylases shows that the well conserved catalytic triad,
Asp224, Glu260, Asp330 (AmyA numbering), is located at
the center of the barrel (Fig. 1B). The overall conservation
of other catalytic residues and water molecules in conjunction
with the previous structural and biochemical analysis suggests
that the enzymatic mechanism of AmyA is very similar to the
double-displacement catalytic mechanism of other known a-
amylases [17]. Interestingly, sequence alignment and structural
comparison of the AmyA structure with other homologous
hydrolases show that while there is marked conservation in
the buried residues, the surface accessible residues of AmyA
are unique (Supplementary Fig. 1).
3.2. AmyA does not require an acidic surface for halophilic
property
Solvent exposed regions of proteins play a major role in the
stability of proteins in extreme environments. The conserved
acidic surface of halophilic proteins enhances the stability of
the protein by increasing solvation through an increased water
binding capacity [5–7]. Surprisingly, we notice that unlike all
the other halophilic protein structures solved to date [5–8],
AmyA lacks an excess of acidic residues on the surface and
both positively and negatively charged residues are distributed
evenly (Table 2), AmyA is the ﬁrst halophilic a-amylase pro-
tein structure solved to date and hence we compared it with
other halophilic protein structures. The density of acidic resi-
dues on the surface of AmyA is one per 419 A˚2. In comparison,
other halophilic proteins have much higher surface density of
acidic residues at one per 128–246 A˚2 and non-halophilic pro-
Fig. 1. The overall fold of AmyA and enzyme activity. (A) A ribbon diagram of the AmyA molecule. The three domains A, B and C are represented
in diﬀerent colors and the calcium ions are shown as pink colored spheres. (B) A stereo view of the active site cleft of AmyA and the key catalytic
residues and water molecules are shown as stick and sphere. (C) Activity assay of AmyA at diﬀerent NaCl concentration before and after incubation
of the AmyA sample in boiling water for 30 min.
Table 2
Exposure of charged residues on AmyA surface
Crystal structure of AmyA from Halothermothrix orenii Number of residues Surface
charge
Asp/Glu Arg/Lys His
Out In Out In Out In Out In
AmyA 488 +0.5 8.5 48 23 45 11 7 7
The assignment whether a residue is exposed to the outer surface (out) or the inner surface (in) was based on the crystal structures and the solvent
accessibility of each residue, as calculated using the program WHAT IF. The estimate of overall surface charges was calculated by assuming fully
ionized states for Asp, Glu, Lys, Arg and +0.5 charge for His.
2648 N. Sivakumar et al. / FEBS Letters 580 (2006) 2646–2652teins have one per 350–400 A˚2 [7]. Despite the lack of an acidic
surface, AmyA retains 90% of its optimum activity and is sta-
ble at 4.7 M NaCl concentration [9]. Genomewide random se-quence analysis of H. orenii has identiﬁed a surprising lack of
excess acidic amino acid residues in most of its proteins [18].
Calculation of electrostatic surface potential reﬂects that
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(Fig. 2A). The cavity formed in the (b/a)8-barrel domain is
the most electronegative feature of the surface. This is mainly
due to the presence of the amylase speciﬁc negatively charged
residues Asp128, Asp224, Glu260, and Asp330 that are known
to be involved in substrate binding and catalysis [19]. These
surface analyses clearly indicate the unique surface nature of
AmyA when compared to other halophilic proteins.
While AmyA does not have an acidic surface it does share
other structural features like metal ion binding and surface ex-
posed salt bridges that are known to stabilize halophilic and
thermophilic proteins. AmyA binds to two calcium ions
(Fig. 3A and B). Comparison of metal ion binding in diﬀerent
homologous amylases is given in Supplementary Table 1.Fig. 2. The surface property of AmyA. (A) The electrostatic surface potential
AmyA. The electrostatic drawings were produced using the program GRA
+10kBT
1 (blue).
Fig. 3. Calcium binding sites. (A, B) Stereo representations of a calcium bin
density omit maps are drawn at the 1.3r contour level. Side chains of the amin
and the calcium and water molecules are shown as magenta and red spheres3.3. Thermal stability at diﬀerent salt concentrations
To understand the relationship between the presence of salt
and the thermal stability of AmyA, temperature melt experi-
ments were carried out at diﬀerent salt concentrations. Dena-
turation of AmyA was monitored by CD. The thermal
stability of AmyA increases with NaCl concentration
(Fig. 4A) and most of the tested halophilic proteins have
similar properties. An increase of 7 C in Tm was observed
at 4.7 M NaCl concentration compared to 100 mM NaCl
concentration.
On the other hand, we observed most surprisingly that
AmyA showed very high thermal stability in the complete ab-
sence of any salt. The protein was extremely stable up to
100 C. Furthermore, AmyA that was pre-incubated forof typical halophilic malate dehydrogenase (PDB id 1D3A) (B) that for
SP. Surface colors represent the potential from 10kBT1 (red) to
ding loops are shown with the electron density. The 2Fo  Fc electron
o acids that make coordination bonds with calcium are shown as sticks
, respectively.
Fig. 4. Salt dependent thermal stability and novel oligomerization of AmyA. (A) The CD spectra monitored at 222 nm demonstrating the thermal
denaturation of AmyA at diﬀerent NaCl concentrations. (B) The Far-UV CD spectra of AmyA at diﬀerent NaCl concentrations. (C) Molecular
weight distribution of AmyA at no salt monitored by analytical ultracentrifugation and (D) the same in diﬀerent NaCl concentrations. (E) The gel
ﬁltration proﬁle of AmyA at diﬀerent NaCl concentrations.
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tained its activity (Fig. 1C). Addition of as low as 5 mM NaCl
or CaCl2 to this solution decreased the thermal stability and
the melt was observed at 85 C. To understand the conforma-
tional changes at these conditions, the UV CD spectrum ofAmyA, both in the presence and absence of salt (Fig. 4B)
was analyzed by the CDNN program, version 2.1. Surpris-
ingly, no signiﬁcant secondary structural changes were de-
tected. This indicates that AmyA retains the overall
secondary structure over the entire salinity range.
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function
Several studies have shown that many halophilic proteins are
involved in salt dependent oligomerization [20,21]. We ana-
lyzed the quaternary structure of AmyA by analytical ultracen-
trifugation. The sedimentation behavior of the AmyA protein
showed a very strong dependence on NaCl concentration.
When no salt was present, the protein had a strong tendency
to oligomerize and formed very large aggregates (Fig. 4C).
Sedimentation distributions were compared with the van
Holde–Weischet analysis, which provides model independent
sedimentation coeﬃcient distributions that are corrected for
diﬀusional boundary spreading. By running at a relatively
low speed (3000 rpm) it was possible to measure an S-value
distribution of the sample, which indicated that 70% of the
protein was sedimenting with an S-value of around 85–90 S,
with about 25% of the protein sedimenting between 20 and
80 S, and the remainder at larger S-values. This corresponds
to aggregates with a molecular weight distribution between 4
and 5.5 million Dalton with the majority of the sample around
5 million Dalton. However, these aggregates retain 40% of
activity when tested (Fig. 1C). Addition of as low as 5 mM
of NaCl reversed most of the protein aggregates into the
monomeric form, sedimenting between 3.5 and 4.5 S, corre-
sponding to the molecular weight of the monomer (Fig. 4D).
The molecular weight and frictional coeﬃcient ratios were fur-
ther conﬁrmed by ﬁtting the data from samples containing salt
with ﬁnite element solutions of the Lamm equation [22] (data
not shown), which conﬁrmed the monomeric state for all sam-
ples containing salt.
We further studied the oligomerization with gel ﬁltration
chromatography on a Superdex-75 column at room tempera-
ture. At 50 mMTris (pH 7.5) and no salt AmyA exists in a large
sized oligomeric state (Fig. 4E). Inter-conversion between the
monomer and oligomer is strongly inﬂuenced by salt concentra-
tion. Both centrifugation and chromatography experiments
indicate that in the absence of salt AmyA exists in poly dis-
persed oligomeric state without any loss of its secondary struc-
ture and shows signiﬁcant activity of up to 40%.4. Discussion
AmyA and other H. orenii proteins need to adapt to a broad
salinity range in addition to high temperatures because the
Tunisian salt lakes have large seasonal ﬂuctuations in their salt
concentration [23]. Halophilic proteins in general have low
thermal stability and unfold at low salt concentrations as a con-
sequence of the repulsive force exerted by the excess of acidic
residues on their surfaces. From the AmyA crystal structures
we propose that reduction in the number of negatively charged
residues, the presence of an equal number of positively charged
residues, and the consequent formation of ion-pairs and their
networks allow AmyA and possibly other H. orenii proteins
to have high thermal stability in a broad salinity range. H. ore-
nii AmyA is the ﬁrst known natural halophilic protein that is
stable and active in saturated salt solutions but lacks an acidic
surface. Our ﬁnding does not necessarily contradict the ‘acidic
surface hypothesis’ for halophilic protein stability but provides
evidence of another novel stabilization mechanism.
Our biophysical studies suggest that in the complete absence
of salt it forms reversible poly-dispersed oligomers which arehighly stable compared to its monomers. The inter-subunit con-
tacts of AmyA in the oligomeric state could be the reason why it
is very stable in the absence of salt. It is well known that natural
oligomeric proteins are more thermostable than their mono-
meric counterpart [20,21,24]. Also, oligomerization in AmyA
might occur mainly through the high aﬃnity ion binding sites
that are present on the surface. Addition of salt promotes salt
binding to those sites and removes the inter-subunit interac-
tions. This oligomerization is very diﬀerent from the previously
observed oligomerization in halophilic proteins in which oligo-
mers are formed at high salt concentrations due to the increase
in water surface tension [25]. At low salt concentration these
oligomers dissociate into monomers and the protein stability
decreases. Since the protein will be relatively unstable as a
monomer in the absence of salt at higher temperatures, AmyA
beneﬁts functionally from forming a favorable oligomer.
Structure-based sequence alignment suggests that AmyA
might have evolved from a common ancestral bacterial amy-
lase gene by speciﬁc amino acid substitutions at the solvent
accessible surface. The AmyA surface feature and the oligo-
merization mechanism thus illustrate the clever evolution strat-
egy used by the protein to handle two extreme conditions
simultaneously. Lack of excess acidic residues in most of the
H. orenii proteins indicates that bacterial evolutionary path-
way could be diﬀerent from archeal halophiles. Our work here
provides the ﬁrst few valuable insights into the structural basis
of poly-extreme stability of AmyA. More work involving
mutational analysis, biophysical studies and theoretical calcu-
lations would be necessary to develop a quantitative under-
standing of the diﬀerent stabilizing features of AmyA.
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